Introduction
============

*Daphnia spp.* are considered keystone species in both lakes and ponds and are well-studied in terms of their ecology and response to stressors, both under laboratory conditions and in the field ([@ref-18]). For example, *Daphnia magna* has been used extensively for ecotoxicological assays for many years ([@ref-26]; [@ref-27]) while *Daphnia pulex* has been listed as a model system for biomedical research by the National Institutes of Health, USA ([@ref-4]). Furthermore, both species have been proposed as model organisms for environmental genomics, toxicogenomics and epigenetics studies ([@ref-7]; [@ref-4]; [@ref-13]; [@ref-24]). *Daphnia* are key model organisms used for research into the molecular mechanisms of phenotypic plasticity, adaptation and microevolution ([@ref-11]; [@ref-34]; [@ref-21]; [@ref-22]; [@ref-10]). The extensive use of *Daphnia* spp. in a wide range of research fields has motivated the development and optimisation of several omics technologies to probe the molecular machinery within these species ([@ref-32]; [@ref-5]; [@ref-4]). The resulting growth of genomic resources for *Daphnia* spp., coupled with the dramatic reduction in costs and accessibility of sequencing technologies and other genomic tools, has fuelled their increasing use in environmental genomics, toxicogenomics and evolutionary biology ([@ref-29]; [@ref-25]; [@ref-28]; [@ref-14]).

Isolation of high quality genomic DNA from biological material is a critical first step in determining the success of downstream genomics and epigenomics studies. Despite the development and use of several standard protocols for reproducibly extracting high quality, high yield DNA from a range of biological materials in a high throughput manner ([@ref-16]; [@ref-37]), we and others have experienced numerous challenges applying these procedures to the chitinous crustacean, *Daphnia* spp., often requiring a large number of individuals per biological replicate ([@ref-33]; [@ref-20]; [@ref-3]; [@ref-31]). Conventional DNA extraction methodology can be unreliable when applied to *D. magna* and related species, potentially due to the chitinous exoskeleton termed the carapace. Thus, there remains an urgent need to develop a DNA extraction technique for *Daphnia* spp. that is compatible with different downstream analyses. Ideally, techniques for DNA isolation should have high extraction efficiency, yielding high length DNA that is free of contamination.

Considering this need, the aim of this study was to identify suitable methods of genomic DNA extraction as well as selecting optimal methods for quantification of the extracted DNA. During this study we compared several methods for tissue disruption as well as for extracting the DNA from the homogenised tissue. In addition, we compared the gold standard method for DNA quantification, based on using DNA-specific fluorescent dyes, with convenient UV absorbance methods. Finally, we explained the unreliability of absorbance-based methods for quantification of *D. magna* DNA.

Materials and Methods
=====================

*Daphnia* culture and sample collection
---------------------------------------

*Daphnia magna* Straus, 1820 Bham 2 clones were used to optimise the DNA extraction methods. However, the methods used here could also be applied to other microcrustacean*s*, as tested in our laboratory (data not shown). *D. magna* were maintained in a 16:8 h light:dark photoperiod and temperature of 20 ± 1 °C, in high hardness COMBO medium (HH COMBO). Media were prepared using a protocol adapted from [@ref-2] and [@ref-17], and renewed once a week. Animals were fed every other day with *Chlorella vulgaris* at a concentration of ≈27,550 cells of algae per individual *Daphnia*. For each sample, a single 28 day-old *D. magna* was used. Each *Daphnia* was dissected rapidly to remove any embryos present in the brood chamber, since the number of embryos in the brood chamber can vary, resulting in high variation in the amount of starting tissue. Immediately following dissection, the animals were preserved for subsequent DNA extraction using one of two methods, either placing in RNA*later* (Ambion) and incubation overnight at 4 °C and stored at −80 °C or flash freezing in liquid nitrogen and stored at −80 °C. The overnight 4 °C incubation allowed the RNA*later* to penetrate and preserve the tissue.

Homogenisation methods
----------------------

Three methods of homogenisation and lysis were evaluated: (i) a 2010 Geno/Grinder bead-based tissue homogeniser (SPEX SamplePrep, Stanmore, UK; 1.4 mm ceramic beads, 1,750 strokes/minute for 40 s); homogenisation was conducted in the presence of the respective lysis solution for each of the four extraction protocols described below. (ii) Homogenisation using a plastic pellet pestle (Sigma Aldrich, Dorset, UK); immediately after removing from liquid nitrogen, samples were ground to a fine powder, lysis solution was added, and the extraction protocols were followed according to the methods listed below. (iii) Overnight proteinase K digestion; lysis buffer was added to each sample and incubated overnight (16 h). The last method left the carapace undigested at the bottom of the tube and hence care was taken to avoid its disturbance and the carryover of any fragment to the lysate.
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###### DNA yield measured by fluorescence-based method of quantification (SYBR Green I) represented by the mean ± SEM for ng of DNA per µg of *Daphnia* dry mass.

Missing values are due to salt precipitation from RNA *later* solution. Comparisons were made between the groups with same homogenisation method and with same extraction method. Same letters indicate the groups that differ statistically.
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  Preservation          Extraction method                                                                                                      Homogenisation method                                                                                                                                                 
  --------------------- ---------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------- ---------------------------------------------- ----------------------------------------------
  Liquid Nitrogen       Agencourt DNAdvance                                                                                                    5.40 ± 0.12[^a^](#table-1fn2){ref-type="fn"}^,^[^b^](#table-1fn3){ref-type="fn"}^,^[^d^](#table-1fn5){ref-type="fn"}   4.10 ± 0.23[^c^](#table-1fn4){ref-type="fn"}   2.77 ± 0.18[^d^](#table-1fn5){ref-type="fn"}
  CTAB method           3.13 ± 0.71[^b^](#table-1fn3){ref-type="fn"}                                                                           3.52 ± 0.79[^c^](#table-1fn4){ref-type="fn"}                                                                           2.29 ± 0.17                                    
  MasterPure DNA        5.45 ± 0.91[^a^](#table-1fn2){ref-type="fn"}^,^[^b^](#table-1fn3){ref-type="fn"}^,^[^e^](#table-1fn6){ref-type="fn"}   3.10 ± 0.63[^e^](#table-1fn6){ref-type="fn"}                                                                           2.93 ± 0.42[^e^](#table-1fn6){ref-type="fn"}   
  ZR genomic DNA        1.65 ± 0.10[^a^](#table-1fn2){ref-type="fn"}                                                                           1.26 ± 0.09[^c^](#table-1fn4){ref-type="fn"}                                                                           0.97 ± 0.05                                    
  RNA*later* solution   Agencourt DNAdvance                                                                                                    4.07 ± 0.20                                                                                                            4.37 ± 0.08[^f^](#table-1fn7){ref-type="fn"}   3.93 ± 0.20[^g^](#table-1fn8){ref-type="fn"}
  CTAB method           2.26 ± 0.03                                                                                                            4.13 ± 0.87[^f^](#table-1fn7){ref-type="fn"}                                                                           --                                             
  MasterPure DNA        --                                                                                                                     --                                                                                                                     --                                             
  ZR genomic DNA        2.07 ± 0.16                                                                                                            1.52 ± 0.16[^f^](#table-1fn7){ref-type="fn"}                                                                           0.97 ± 0.03[^g^](#table-1fn8){ref-type="fn"}   

**Notes.**

*P*-values are indicated accordantly.

*p* \< 0.0001.

*p* \< 0.05.

*p* \< 0.05.

*p* \< 0.01.

*p* \< 0.05.

*p* \< 0.01.

*p* \< 0.01.

Extraction methods
------------------

Four methods of DNA extraction were evaluated (*n* = 3 biological replicate/extraction method), as presented in [Table 1](#table-1){ref-type="table"}. Three of the methods were commercially available kits, (I) Agencourt DNAdvance (Beckman Coulter, Indianopolis, IN, USA) employing magnetic beads, (II) MasterPure DNA purification (Epicentre, Madison, WI, USA), using protein precipitation followed by isopropanol DNA precipitation and (III) ZR Genomic DNA™-Tissue MicroPrep (Zymo Research, Irvine, CA, USA), a column-based method (IV) while the fourth was a modified version of the CTAB extraction method ([@ref-6]). For the commercial kits, the manufacturer's instructions were followed with some modifications, as described below. Extracted DNA samples were stored in −80 °C.

*I. Agencourt DNAdvance:* DNA extraction was performed following the manufacturer's instructions. Lysis solution (200 µl) (Agencourt DNAdvance kit) containing proteinase K (7 µl at 40 mg/ml) was added to each sample. For the bead-based and pestle homogenisation methods, samples were incubated at 55 °C for 15 min, mixing briefly every 5 min. For the proteinase K digestion method, samples were incubated overnight at 55 °C. Following the homogenisation step, DNA was extracted using magnetic beads and the protocol provided by the manufacturer.

*II. MasterPure DNA purification kit:* DNA was extracted using a MasterPure DNA purification kit (Epicentre, Madison, WI, USA). The protocol was modified from the manufacturer's instructions in that 'Tissue and Cell Lysis solution' (300 µl) and proteinase K (1 µl at 50 µg/µl) were added to each sample. For the bead-based and pestle homogenisation methods, the samples were incubated at 65 °C for 15 min, mixing briefly every 5 min. For the proteinase K digestion method, samples were incubated overnight at 65 °C. After incubation, samples were cooled to 37 °C and RNase cocktail (3 µl, RNase $\documentclass[12pt]{minimal}
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}{}$A=500\hspace*{1em}\mathrm{U}/\mathrm{ml}$\end{document}$; RNase T1 = 20,000 U/ml; Ambion) was added to each sample. Following 30 min of incubation at 37 °C, samples were placed on ice for 5 min. The protein precipitation and DNA purification was achieved according to the manufacturer's protocol.

*III. ZR Genomic DNA™-Tissue MicroPrep*: DNA was extracted following the manufacturer's protocol for DNA extraction from solid tissues. Homogenisation was performed as previously described using 200 µl of digestion buffer containing a final concentration of 20 mg/ml of proteinase K. For the bead-based and pestle homogenisation methods, samples were incubated at 55 °C for 1 h. For the proteinase K digestion method, samples were digested overnight at the same temperature. Genomic lysis buffer (700 µl, ZR Genomic DNA™-Tissue MicroPrep) was added to each digested sample which was then transferred to the Zymo-Spin™ IC Column and the DNA was extracted according to the manufacturer's protocol.

*IV. CTAB extraction method*: DNA was extracted using a modified CTAB protocol ([@ref-6]). For the bead-based and pestle homogenisation methods, 300 µl CTAB buffer (2% hexadecyltrimethyl ammonium bromide CTAB, 1.4 M NaCl, 20 mM EDTA, 100 mM Tris-HCl pH 8, 0.2% *β*-mercaptoethanol, 50 µg of proteinase K) was added to each sample. The solutions were incubated at 65 °C for 1 h, mixing briefly every 20 min. For the proteinase K digestion method, samples were incubated overnight in 300 µl of CTAB buffer at 65 °C. Following the incubation step, DNA was extracted from all the samples using 500 µl of chloroform: isoamyl alcohol (24:1) (Sigma Aldrich, Dorset, UK). The samples were centrifuged and the top aqueous layer containing the nucleic acids was transferred to a clean 1.5 ml microcentrifuge tube.

To ensure complete removal of RNA contamination from the DNA samples, we performed a RNA digestion step using RNase cocktail (Ambion, Paisley, UK). This method combines the RNA degradation activities of RNase A and RNase T1. The RNase A specifically hydrolyses RNA at C and U residues while RNase T1 specifically hydrolyses RNA at G residues. The combine use of RNase A and RNase T1 results in higher level of RNA degradation than using either of the enzymes alone without interfering with DNA purification, quantification and any downstream analyses. All samples were incubated with 3 µl of RNase cocktail for 30 min at 37 °C. Next, a further DNA extraction was performed using chloroform:isoamyl alcohol (24:1). In a clean microcentrifuge tube, 1 volume of isopropanol was added to the transferred aqueous layer to precipitate the DNA; each sample was incubated for at least 1 h at −80 °C. Next, each sample was washed twice, once with 100% ice-cold ethanol (1 ml) and once with 70% ice-cold ethanol. The DNA pellet was air-dried and resuspended in 30 µl of Tris-EDTA buffer, and stored at −80 °C.

This study comprises a full factorial design containing two sample preservation methods, three tissue homogenisation/lysis methods, and four DNA extraction methods.

Assessment of DNA quantity and quality
--------------------------------------

The extracted DNA was quantified with: (1) 8000 UV-Vis spectrophotometer (NanoDrop, Wilmington, DE, USA) and (2) SYBR Green DNA I dye (Thermo Fisher Scientific, Paisley, UK) using an Infinite^®^ 200 PRO microplate reader (Tecan, Männedorf, Switzerland). These represent an absorbance- and a fluorescence-based method of DNA quantification, respectively. DNA yield was reported as ng of DNA per µg of dry mass of single *Daphnia*, where the dry mass of a single 28-day old *Daphnia* was measured as 295.5 ± 15.9 µg (mean ± SEM). The quality and integrity of DNA samples and potential RNA contamination were also assessed using a 1% agarose gel in TBE buffer containing Midori Green Advance DNA Stain (Nippon Genetics, Dueren, Germany). Same amount of DNA for each sample was loaded onto the gel and electrophoresis was performed at 80 V for 50 min. The quality of the extracted DNA, for the two methods of extraction that resulted in the highest yield of DNA, was further investigated with 2200 TapeStation (Agilent Technologies, Stockport, Cheshire, UK) and genomic DNA ScreenTape. To compare the DNA integrity, the average DNA fragment sizes were classified as low (150 to 4,000 bp) or high (4,000 to \>60,000 bp) molecular weight DNA. Results are expressed as percentage of fragments for each category.

Investigation of carapace
-------------------------

Chitin can cause interference with the 260 nm reads due to its refraction index, causing the overestimation of the amount of DNA ([@ref-1]). To assess interference of carapace debris with DNA quantification, moulted carapaces were collected from the bottom of culture vessels and were treated with antibiotics (50 mg/l tetracycline, streptomycin and ampicillin) to remove bacteria, as a large microbiome has been associated with *Daphnia* ([@ref-30]). The treated carapaces were homogenised using ceramic beads and were processed according to the same methodology described in MasterPure DNA purification section. As the overestimation of DNA seems to be related to the method of homogenisation using grinding and not the methods of extraction, only MasterPure DNA purification was applied to these samples to test this hypothesis. The processed carapace were analysed with both methods, absorbance and fluorescence-based, of DNA quantification.

Statistical analyses
--------------------

The software IBM SPSS Statistics 22 was used to assess the normal distribution of the data. From 40 different groups (method of preservation vs. method of homogenisation vs. method of extraction vs. method of quantitation) only 3 did not presented normal distribution applying the Shapiro--Wilk test. Therefore, the subsequent analyses were performed assuming a Gaussian distribution although with caution due to the small sample size. Two-way ANOVA with Sidak's multiple comparison test was applied for the comparison between the concentration values obtained with fluorescence and absorbance analysis. One-way ANOVA with Tukey's multiple comparison test was used to compare the yield of the different groups. These analyses were performed using GraphPad Prism 6 software.

Results
=======

In total this study evaluated 20 combinations of treatment steps, a full factorial design comprising of two sample preservation methods, three tissue homogenisation/lysis methods, and four DNA extraction methods. Furthermore, DNA samples were analysed for quality and quantity using agarose-based methods and fluorescence/absorbance-based methods, respectively ([Table 1](#table-1){ref-type="table"}).

DNA quantity
------------

DNA concentrations were overestimated when using the convenient absorbance-based method of DNA quantification (i.e., NanoDrop spectrophotometry) for the samples homogenised with ceramic beating beads and plastic pellet pestles, except for DNA extracted with the ZR genomic DNA kit ([Fig. 1](#fig-1){ref-type="fig"}). The apparent DNA concentrations were usually 3--4 fold higher than when measured with the gold standard fluorescence-based method of SYBR Green I (Two-way ANOVA, *p* \< 0.0001). Measurements made with NanoDrop also presented greater variability, expressed as the standard error of the mean in [Fig. 1](#fig-1){ref-type="fig"}. The difference in the measured concentration of DNA between the absorbance and fluorescence-based methods of quantifications may be attributed to the presence of chitin from the *Daphnia*'s carapace. For the ZR genomic DNA kit, a column based method, measurements with NanoDrop underestimated the concentration of DNA.

![Average DNA concentration measured with NanoDrop 8000 and SYBR Green I.\
Error bars indicate standard error of the mean. ^∗^*p* \< 0.05; ^∗∗^*p* \< 0.01; ^∗∗∗∗^*p* \< 0.0001; No statistically significant differences were observed for CTAB probably due to greater data variability.](peerj-04-2004-g001){#fig-1}

DNA concentrations are expressed as ng of DNA per µg of dry mass ([Table 1](#table-1){ref-type="table"}) as measured with SYBR Green DNA I dye. As demonstrated in [Table 1](#table-1){ref-type="table"}, the method of preservation, RNA*later* versus liquid nitrogen, did not significantly (One-way ANOVA, *p* \> 0.05) affect DNA yield. However, all methods of extractions that included a precipitation step (e.g., 1 volume of isopropanol in CTAB and MasterPure DNA extraction methods) also resulted in co-precipitation of salts from RNA*later* solution which can interfere with downstream analysis. Both Agencourt DNAdvance and ZR genomic DNA only use the ethanol step to wash the DNA trapped either on the magnetic beads or on the column, therefore, the salts are not precipitated with the DNA.

Tissue disruption and homogenisation is the first step in DNA extraction. In this study we compared three methods of tissue homogenisation: ceramic beating beads, plastic pellet pestles and overnight digestion with proteinase K. Ceramic beating beads resulted in the maximum disruption and release of DNA, followed closely by samples ground using plastic pestles and finally proteinase K digestion ([Table 1](#table-1){ref-type="table"}; For samples extracted using MasterPure: ceramic beating beads \> proteinase K, *p* \< 0.01).

Regarding the DNA extraction methods, CTAB, Agencourt DNAdvance and MasterPure DNA Purification Kit resulted in similar yields when homogenised with plastic pellet pestles. Agencourt DNAdvance and MasterPure DNA purification kit performed better for the homogenisation with ceramic beating beads. The column based extraction ZR Genomic DNA micro kit, consistently yielded the least DNA of the four methods tested regardless of the homogenisation procedure ([Table 1](#table-1){ref-type="table"}).

![Quality assessment of DNA samples extracted with MasterPure DNA purification kit and Agencourt DNAdvance.\
(A) 1% agarose gel for MasterPure samples. (B) 1% agarose gel for DNAdvance samples; same amount of DNA was loaded onto each lane. Lanes 1--3 present fragmented DNA spread along the lane, while lanes 4--9 present majority of the DNA in a distinct band above the 10 kb marker position. (C) TapeStation results for MasterPure. (D) TapeStation results for DNAdvance. Dark grey---Homogenisation with plastic pestle; Light grey---homogenisation ceramic beating beads. (E) DNA fragments distribution for MasterPure samples. (F) DNA fragments distribution for DNAdvance samples. Error bars in (E) and (F) indicate standard error of the mean.](peerj-04-2004-g002){#fig-2}

DNA purity and quality
----------------------

DNA purity is usually estimated using the ratios between the absorbance values for A260/A280 and A260/A230 wavelengths measured with a spectrophotometer. However, for *Daphnia*, due to high non-specific absorbance at A260, these ratios cannot be used to assess the purity of DNA. Nevertheless, the magnitude of differences between the DNA concentrations estimated by spectrophotometry and the fluorescence-based method of SYBR Green I can detect contaminants.

Gel electrophoresis was used to assess DNA integrity and RNA contamination ([Figs. 2A](#fig-2){ref-type="fig"} and [2B](#fig-2){ref-type="fig"}). As shown in [Figs. 2A](#fig-2){ref-type="fig"} and [2B](#fig-2){ref-type="fig"}, no RNA contamination was detectable after RNA digestion with RNase cocktail regardless of the methods of tissue preservation, homogenisation and extraction. However, the method of homogenisation did affect the integrity of DNA. All the samples submitted to overnight proteinase K digestion showed high fragmentation in comparison to the other two methods of homogenisation. Ceramic beating beads resulted in slightly higher fragmentation of DNA than plastic pestle ground samples. Based on gel electrophoresis, DNA fragmentation was caused by the homogenisation method and was unaffected by the extraction method.

The three methods, CTAB, MasterPure DNA purification and Agencourt DNAdvance resulted in the highest yields of DNA, irrespective of the method used for homogenising the tissue. CTAB is a time consuming protocol that often employs the use of phenol and chloroform for the extraction step and can easily contaminate the DNA sample. Thus, quality of the extracted DNA was further assessed for MasterPure DNA purification and Agencourt DNAdvance only (two methods × three methods of tissue homogenisation) using Genomic DNA ScreenTape and the 2200 Tapestation ([Fig. 2](#fig-2){ref-type="fig"}). Samples were analysed for both percentage of low and high molecular weight fragments and for the average size of high molecular weight DNA fragments ([Figs. 2C](#fig-2){ref-type="fig"}--[2F](#fig-2){ref-type="fig"}). Fragmentation percentage analysis indicated that overnight proteinase K digestion resulted in around 50% of the fragments below 4 kb for both extraction methods, with average fragment size of 25 kb for the high molecular weight DNA. This indicates that tissue digestion with proteinase K caused severe degradation of DNA, making it unsuitable for downstream techniques that require longer DNA fragments such as Pacbio and mate pair sequencing. However, it has to be noted that this method only digests the tissue, leaving the carapace intact. Thus, as the carapace can be removed prior to DNA extraction, it is the only method of tissue disruption where DNA quantification based on absorbance is very similar to the gold standard fluorescence method of DNA quantification, SYBR Green I (Two-way ANOVA, *p* \> 0.05).

The DNA extracted with ceramic beating beads had 65% and 81% of the fragments classified as high molecular weight, with the average fragment size of 27 kb and 19 kb for the MasterPure kit and Agencourt DNAdvance, respectively. For plastic pellet pestle homogenisation, 70% of the DNA fragments were classified as high molecular weight for both isolation methods with the average size greater than 60 kb.

To confirm the interference of the carapace with absorbance measurements, the same DNA extraction procedure was performed (MasterPure kit) with isolated carapaces. Samples were then quantified with NanoDrop and SYBR Green I. No DNA was observed with the fluorescence dye. However according to the NanoDrop measurements the samples apparently yielded on average 748.6 ± 22.1 (mean ± SEM) ng of DNA.

Discussion
==========

Liquid nitrogen versus *RNAlater*: the effect of tissue preservation method on the quality and quantity of extracted DNA
------------------------------------------------------------------------------------------------------------------------

We assessed the quality of the DNA extracted from tissues preserved in RNA*later* and snap-frozen in liquid nitrogen. RNA*later* is a storage solution with a high concentration of salts. It is used to stabilize and protect the RNA from degradation and minimizes the need to immediately process or freeze the samples. Therefore, it is the preferred method of sample preservation for field studies ([@ref-12]). Our results indicate that both methods can result in extraction of high quality DNA from *Daphnia* ([Table 1](#table-1){ref-type="table"}). However, we demonstrated that DNA extraction methods with an alcohol-based precipitation step are not ideal for extracting DNA from tissues that have been preserved in RNA*later* as the alcohol will result in co-precipitation of DNA with the salts present in RNA*later*. Many enzymes used in downstream applications can be inhibited by excessive concentrations of salts ([@ref-36]). Therefore, for samples that are preserved in RNA *later*, it is recommended to use alternative methods of extraction, such as bead based methods of DNA extraction.

Tissue homogenisation and disruption impacts the quality and yield of DNA
-------------------------------------------------------------------------

Three methods of tissue homogenisation and disruption were assessed: (i) overnight digestion with proteinase K, (ii) ceramic beating beads and (iii) plastic pellet pestle. Each method has advantages and disadvantages, influencing their suitability for downstream analysis ([Table 2](#table-2){ref-type="table"}).

10.7717/peerj.2004/table-2

###### Summary of the advantageous and disadvantageous associated with each method of tissue homogenisation.
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  Method of tissue homogenisation   Advantages                                                                                               Disadvantages                                                                                                                                                                                                     Applicability
  --------------------------------- -------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Ceramic bead homogenisation**   High DNA yield, rapid tissue homogenisation, compatibility with RNA and metabolite sample preparations   Overestimation of DNA concentration using absorbance based methods of quantification (e.g., NanoDrop) due to carapace interference, requires quantification with fluorescence dye, mechanical DNA fragmentation   Suitable for high throughput sample homogenisation and automation, simultaneous extraction of RNA, DNA and metabolites, suitable for downstream analyses requiring average fragment size (e.g., RRBS, WGBS, Next-Seq and HiSeq)
  **Plastic pellet pestles**        High quality and high DNA yield, large fragments of DNA                                                  Overestimation of DNA concentration using absorbance based methods of quantification (e.g., NanoDrop) due to carapace interference, time consuming, possible cross-contamination                                  Suitable for downstream analyses requiring large DNA fragments (long-read sequencing)
  **Proteinase K digestion**        Low level of carapace contamination, absorbance based methods of quantitation are less affected          Highly fragmented DNA, low DNA yield, time consuming                                                                                                                                                              Suitable for PCR based methods

**Notes.**

AbbreviationsWGBSWhole genome bisulfite sequencingRRBSReduced representation bisulfite sequencing

The ceramic beating beads yielded higher amounts of DNA compared to other homogenisation methods, except when coupled with CTAB extraction. Although expensive, this method is rapid, high throughput and reduces the risk of cross contamination ([@ref-19]). Although time-consuming, plastic pellet pestles are also an effective and inexpensive method of tissue homogenisation. As demonstrated in [Fig. 2](#fig-2){ref-type="fig"}, both methods resulted in generation of high quality, high yield and high molecular weight DNA (yield based on DNA extraction with MasterPure: ceramic beads (5.45 ± 0.91 ng/ug dry mass) \> plastic pellet pestle (3.10 ± 0.63) \> proteinase K (2.93 ± 0.42)).

However, both methods introduced a contaminant causing an increase in the 260 nm absorbance and over-estimation of DNA concentration by 4--5 fold. We have demonstrated that this interference is caused by the *Daphnia's* carapace. *Daphnia's* body is enclosed by a double walled shell, largely made of the polysaccharide chitin ([@ref-8]). Chitin has a high refractive index around 260 nm and shows an anomalous dispersion for wavelengths lower than 300 nm ([@ref-1]). Therefore, the chitin structure and its optical properties can explain the anomalous DNA quantification. We have not observed any detrimental effects on downstream techniques, such as high throughput DNA sequencing, due to the presence of chitin in the DNA samples ([Fig. 3](#fig-3){ref-type="fig"}). However, if *Daphnia* has been homogenised as whole (carapace included) for DNA extraction, DNA must be quantified with fluorescence-based methods (SYBR Green I) rather than absorbance-based methods.

This claim was further evidenced by using *Daphnia* tissue digested overnight with proteinase K, the carapace remaining intact while the tissue was completely digested. After removal of the carapace and extraction of the DNA, there was no statistically significant difference between the concentrations of DNA measured with absorbance-based methods or fluorescence-based methods (DNA concentrations extracted with MasterPure; absorbance = 3.74 ± 0.61 ng/µg, fluorescence = 2.76 ± 0.18 ng/µg, Two-way ANOVA, *p* \> 0.05). However, the downside of using overnight proteinase K digestion is that the method is time consuming, results in lower yield of DNA compared to the other two methods of homogenisation and also it results in fragmentation of DNA ([Fig. 2](#fig-2){ref-type="fig"}). DNA integrity is extremely important for long read sequencing technologies, such as Oxford Nanopore, mate pair sequencing and Pacbio ([@ref-35]). Mate pair sequencing is a method for long-insert libraries applied specially for *de novo* assembly and structural variation detection ([@ref-15]). Mate pair libraries were successfully constructed using *Daphnia* DNA samples homogenised with plastic pellet pestles and extracted with MasterPure kit containing inserts ranging from 3 kb to 9 kb. High quality was evidenced since the mean Q scores for every sample we sequenced was above 33 ([Fig. 3](#fig-3){ref-type="fig"}).

![Example of downstream analyses of DNA samples.\
(A) Chromatogram of hydrolysed *Daphnia* DNA sample extracted with CTAB. (B) Chromatogram of hydrolysed *Daphnia* DNA sample extracted with MasterPure DNA purification kit. Shadowed area indicates 5-methylcytosine position. (C) Artificially methylated DNA generated from DNA extracted from *Daphnia* with MasterPure DNA purification kit. Sample was methylated using SssI methyltransferase (NEB, USA), treated with sodium bisulfite to preserve DNA methylation patterns, amplified using PCR and sequenced on the ABI 3730. (D) Unmethylated DNA generated from *Daphnia* with whole genome amplification (Sigma Aldrich, Dorset, UK) using MasterPure DNA purification kit. Shadowed area indicates cytosine-guanine position. (E) DNA fragment size selection (3 kb--9 kb) for mate pair library construction. (F) Quality scores for mate pair sequencing data.](peerj-04-2004-g003){#fig-3}

![Summary of conclusion regarding the best methods of tissue homogenisation and DNA extraction.\
^∗^ CTAB is not suitable for samples that will be used for mass spectrometry. ^∗∗^ Samples need to be quantified with fluorescence-based method.](peerj-04-2004-g004){#fig-4}

DNA extraction method and impact on downstream analyses
-------------------------------------------------------

The ZR genomic DNA purification columns resulted in the lowest yields of DNA, but removed carapace contamination ([Table 1](#table-1){ref-type="table"} and [Fig. 1](#fig-1){ref-type="fig"}). DNA concentrations were underestimated by absorbance in comparison with fluorescence.

CTAB isolation protocol has been suggested for *Daphnia* samples and can remove polysaccharide contamination, at least for plant samples ([@ref-6]; [@ref-9]; [@ref-23]). However, for *Daphnia* samples CTAB did not remove carapace contamination, despite the high DNA concentration. Also, DNA extracted with CTAB cannot be analysed by mass spectrometry for base modifications, an important technique for epigenetic studies, since it interferes with the ionisation process causing a high background signal ([Figs. 3A](#fig-3){ref-type="fig"} and [3B](#fig-3){ref-type="fig"}). Furthermore, CTAB is a time consuming protocol that can introduce organic contamination, especially through the chloroform extraction step, and can cause loss of DNA during the ethanol washing steps. It also employs the use of hazardous chemicals; however it is an inexpensive technique.

The MasterPure DNA kit and Agencourt DNAdvance resulted in similar yields and similarly retained carapace components. Agencourt DNAdvance is expensive, but is more suited for robotic preparation systems and is compatible with *RNAlater* preserved samples. Due to the lower cost of MasterPure method of extraction, we recommend this method as an ideal method of DNA extraction from *Daphnia*. As demonstrated in our laboratory, DNA extracted with this method is suitable for use in a range of downstream analyses, such as whole genome amplification, PCR, mass spectrometry, mate pair sequencing, Nextseq and HiSeq analyses, as long as DNA is quantified with fluorescent based methods ([Fig. 3](#fig-3){ref-type="fig"}).

Remarks and conclusions
-----------------------

Difficulties with DNA extraction for *Daphnia* have been previously reported ([@ref-3]), such as the need for high number of *Daphnia* to obtain sufficient amount of DNA ([@ref-33]; [@ref-20]; [@ref-31]). This can limit the scope of experiments by increasing the number of animals required. In terms of DNA yield, we obtained 284 µg to 2,061 µg per adult *D. magna*, depending on homogenisation and isolation method. We showed that it is possible to obtain sufficient high quality DNA for most molecular techniques from single *Daphnia* using MasterPure method of DNA extraction coupled to blue pellet pestle method of tissue homogenisation. This make large-scale studies with several end-points feasible.

The quality and quantity of extracted DNA are crucial factors in determining the success of downstream analyses. For *Daphnia* we have shown that tissue homogenisation methods, DNA extraction methods and DNA quantification methods can significantly impact the quality and quantity of the extracted DNA and need to be considered during the experimental design ([Fig. 4](#fig-4){ref-type="fig"}). However, based on our results it appears that the homogenisation step has a higher impact on the quality of the DNA compared to the method of DNA extraction. Both ceramic beating beads and plastic pellet pestles generated high yield and high molecular weight DNA. However, plastic pellet pestles (average fragment size: \>60 kb) are cheaper and the average fragment size is larger than the ceramic beating beads (average fragment size: 23 kb). Finally, we have created a flowchart ([Fig. 4](#fig-4){ref-type="fig"}) to help researchers decide on the best method of tissue homogenisation and extraction from chitinous crustacea based on their downstream method of analysis.
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